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Abstract 8 
There has been an increasing focus on the development of test methods to evaluate the 9 
durability performance of concrete. This paper contributes to this focus by presenting a study 10 
that evaluates the effect of water accessible porosity and oven-dry unit weight on the resistance 11 
of both normal and light-weight concrete to chloride-ion penetration. Based on the experimental 12 
results and regression analyses, empirical models are established to correlate the total charge 13 
passed and the chloride migration coefficient with the basic properties of concrete such as water 14 
accessible porosity, oven dry unit weight, and compressive strength. These equations can be 15 
broadly applied to both normal and lightweight aggregate concretes. The model was also 16 
validated by an independent set of experimental results from two different concrete mixtures. 17 
The model provides a very good estimate on the concrete’s durability performance in respect to 18 
the resistance to chloride ion penetration.  19 
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 1 
1. Introduction 1 
According to ACI 201.2R-08 [1], the durability of concrete is determined by its ability to 2 
resist weathering action, chemical attack, abrasion, or any other process of deterioration.  3 
Many concrete durability problems are related to the transport of water and harmful 4 
substances in capillary pores and cracks, which leads to various forms of deterioration. The 5 
rate and extent of this transport depend primarily on the existence of cracks and the pore 6 
structure of the concrete, including porosity, pore size distribution, and pore continuity.  7 
Depending on the concrete’s moisture condition and environmental exposure, water and 8 
harmful substances can be transported into it by various mechanisms such as absorption, 9 
permeation, and diffusion.  10 
Durability of reinforced concrete (RC) structures is a pervasive problem. Many 11 
concrete structures deteriorate prematurely, and repair and maintenance costs substantial 12 
amount of budget. Concrete’s durability problems are often related to environmental causes 13 
include attack by external destructive agents (e.g. sulphates), internal material 14 
incompatibilities (e.g. alkali-aggregate reaction), and aggressive environments such as freeze-15 
thaw. Nevertheless, the greatest threat to the durability undoubtedly is corrosion of embedded 16 
reinforcing steel, leading to cracking, staining, and spalling of the cover, which largely related 17 
to the ingress of chloride ions from a saline environment. There has been an increasing focus 18 
in recent years on the development of test methods which can be used for durability 19 
evaluation. If such tests can be easily performed, and their results correlated to concrete’s 20 
resistance to water and chloride-ion penetration, the quality of the concrete can be 21 
conveniently estimated for the design and maintenance of new and existing structures. 22 
 2 
A number of factors – including water/cement (w/c) ratio, cement content, the degree 1 
of cement hydration, the type and content of supplementary materials, the curing duration, 2 
and characteristics of aggregates – influence the penetration of water and harmful substances 3 
into concrete. However, information on such parameters might not be available, particularly 4 
for existing concrete, nor might they be easily determined in the laboratory.  5 
The effect of porosity on chloride penetration has been investigated by many 6 
researchers, and various correlations have been proposed; for example, correlations between 7 
porosity and the chloride diffusivities of cement paste [1] and normal weight concrete (NWC) 8 
[2], between chloride migration rate and charge passed for NWC [3], and between chloride 9 
ion diffusion and sand content and critical pore diameter for cement mortars [4]. For instance, 10 
Claisse et al. [5] propose the use of porosity as a predictor of the durability performance of 11 
concrete. Their study employed three techniques – namely, mercury intrusion, Helium 12 
intrusion and weight loss methods – to calculate the porosity of paste, and extrapolated the 13 
results to concrete. Although clear correlations between transport parameters and the 14 
measured porosity were found, the study’s measuring methods are neither readily 15 
implemented in the laboratory, nor applicable to old concrete. Furthermore, while all 16 
relationships were established for cement paste, mortar, and NWC, none was established with 17 
respect to lightweight concrete (LWC).  18 
For LWC, the penetration of water and harmful substances is affected not only by 19 
capillary pores in cement paste, but also by pores in the porous aggregate and by other factors. 20 
Thus, comprehensive parameters, such as water accessible porosity, might be more useful in 21 
evaluating the LWC’s resistance to the penetration of water and harmful substances. More 22 
importantly, the water accessible porosity can be easily determined in the laboratory. 23 
 3 
The study presented here had two objectives: (1) to evaluate the effect of water 1 
accessible porosity on concrete resistance to water and chloride ion penetration; and (2) to 2 
develop empirical equations to estimate the water and chloride ion penetration in the concrete 3 
– equations which might also be used to estimate the transport properties and durability of the 4 
LWC.  5 
Table 1 Mixture proportions of concretes for model development 6 
Mix  w/c 
Cement, 
kg/m
3
 
Water, 
kg/m
3
 
NWA, kg/m
3
 LWA, kg/m
3
 
Superplasticizer, 
l/m
3
 
Coarse Fine Coarse Fine 
N1 0.30 471 141 957 823 - - 7.2 
N2 0.38 500 188 850 765 - - 2.5 
N3 0.45 414 186 1064 699 - - - 
N4 0.54 400 215 850 765 - - - 
S1 0.38 500 189 271 765 269 - 1.4 
S2 0.39 500 193 850 413 - 187 1.6 
S3 0.40 500 200 850 574 - 117 1.9 
L1 0.30 480 144 - 874 395 - 5.0 
L3 0.38 500 188 - 765 255 - 1.8 
L4 0.45 450 203 - 753 395 - 0.7 
L5 0.38 500 190 - 765 395 - 2.7 
L6 0.38 500 191 - 689 395 40 2.3 
L7 0.38 500 190 - 517 395 123 2.3 
L8-25 0.38 500 190 - - 395 444 2.1 
L8-30 0.38 500 188 - - 395 444 - 
L9 0.38 500 190 - - 395 235 3.6 
2. Experimental details 7 
2.1 Materials and mixtures used for model development 8 
A wide range of concrete mixtures were included in order to develop a more comprehensive 9 
model. In addition to nine LWC mixtures, eight NWC mixtures were included, and some of 10 
these incorporated a small amount of lightweight aggregate (LWA) particles for internal 11 
curing. The detailed mixture proportions are summarized in Table 1. ASTM Type I Portland 12 
 4 
cement was used for all concretes. A dark brown Naphthalene-based superplasticizer, 1 
containing 40% solids and with a specific gravity of 1.2, was used for workability purpose. 2 
The slump of the concretes was controlled to be 100  30 mm, with the exception of Mixture 3 
N4, which had a slump of 60 mm without using any superplasticizer.   4 
The normal weight aggregates (NWA) included both coarse aggregates and sands. Coarse 5 
aggregates were granite with a maximum size of 9.5mm and a density of 2610 kg/m
3
. The 6 
natural sands had a density of 2560kg/m
3
. All the lightweight aggregates (LWA) used were 7 
commercially available expanded clay. The gradings of the NWA and LWA satisfied ASTM 8 
C 33 [6] and ASTM C 330 [7] requirements, respectively. Further information about the 9 
materials and mixtures can be referred by  Reference [8]. 10 
The w/c of the mixtures ranged from 0.30 to 0.54. Because of the high temperatures in 11 
Singapore’s tropical climate and the possibility of higher diffusivities of harmful substances 12 
(such as chloride ions), Singapore standard SS-EN 544-1: 2009 specifies: to cater to the 13 
higher ambient temperatures in Singapore, consider the required concrete for at least one class 14 
higher than that based on exposure conditions in accordance with the requirements in BS EN 15 
206 in concrete mix design. This “…at least one class higher…” clause requires lower w/c, 16 
higher minimum strength, and higher cement content for concretes.  17 
 18 
Table 2 Mixture proportions of concretes for model validation 19 
Mix w/c 
Cement, 
kg/m
3
 
Water, 
kg/m
3
 
Coarse Aggregate, kg/m
3
 
Sand, 
kg/m
3
 
Superplasticizer 
l/m
3
 
V1 0.49 380 185 825 960 2.6 
V2
∆
 0.39 500 188 850 761 1.7 
 ∆ About 8.0 L/m3 shrinkage reducing admixture was used 20 
 5 
2.2 Materials and mixtures used for model validation 1 
Two concrete mixtures in Table 2 were used for model validation. The same types of cement, 2 
natural aggregates and superplasticizers as the above-mentioned mixtures were used. Mixture 3 
V1 had a w/c of 0.49, and mixture V2 had a w/c of 0.39.  4 
 5 
2.3 Test methods 6 
Water accessible porosity, oven dry unit weight, water absorption, and chloride-ion 7 
penetration were tested on three concrete specimens of ø100×50 mm for each mixture. The 8 
specimens were cut from ø100×200 mm cylinders, with about 10 mm removed from the top 9 
and bottom. The specimens were moist cured (RH = 100%) for 7 days at a temperature of 10 
about 28 
o
C. This was followed by exposure to the laboratory air (RH = 80–85%), 11 
maintaining a similar temperature for 21 days. For each mixture, the 28-day compressive 12 
strength was tested on three 100×100 ×100 mm cubes. 13 
Total porosity of concrete 14 
The total porosity of the concretes was estimated from the mixture proportion of the concretes 15 
and porosity of aggregates and cement pastes. The porosity of the LWAs was determined 16 
based on the density of aggregate particles and the density of the solid materials.  The porosity 17 
of the cement pastes was determined by a mercury intrusion porosimeter. The porosity of the 18 
granite coarse aggregate and natural sand was considered negligible. No interface transition 19 
zone (ITZ) between aggregate and cement paste was considered in the calculation of the total 20 
porosity of concrete. 21 
 6 
Water accessible porosity and oven dry unit weight of concrete 1 
The water accessible porosity of the concretes was determined by a water saturation method 2 
similar to the one described in RILEM CPC 11.3 [9]. From the mass of ‘saturated surface dry’ 3 
specimens determined in air and in water, and the mass of specimens oven dried at 105 
o
C, the 4 
water accessible porosity P (in volume of the concrete) was calculated according to Equation 5 
(1). The oven dry unit weight D of the concretes can be calculated as below. 6 
  𝑃 =
(𝑚𝑠−𝑚𝑜)/𝜌
(𝑚𝑠−𝑚𝑎)/𝜌
× 100% (1) 7 
where  8 
ma = apparent weight of the saturated specimen immersed in water (kg) 9 
mo = oven dry mass of the specimen in air (kg)  10 
ms = ‘saturated surface-dry mass’ of the specimen in air (kg) 11 
 = density of water, ~1000 kg/m3 12 
The size of the concrete specimens used for determining the water accessible porosity 13 
is also important. For the LWC, the cut surface exposes closed pores within LWA. The area 14 
of the cut surface relative to the thickness and volume of the specimen thus influences the 15 
water accessible porosity of the concrete. For a thin specimen, for example, the cut surface 16 
with exposed internal pores of the LWA would have a more significant influence on the water 17 
accessible porosity than for a thicker specimen. In addition, the thickness and volume of the 18 
specimens are critical considerations: it is more difficult to achieve saturation for thicker 19 
specimens, and this will affect the accuracy of the determined water accessible porosity of the 20 
concrete.  21 
 7 
In this study, the specimens for determining the oven dry unit weight and water accessible 1 
porosity had the same specimen size as those for the water absorption and chloride ion 2 
penetration tests. These specimens had a diameter of 100 mm and a thickness of 50 mm cut 3 
from a ø100×200 mm cylinder. 4 
Water sorptivity 5 
Sorptivity of the concretes was tested according to ASTM C 1585 [10] by measuring the 6 
increase in the mass of the specimens resulting from the absorption of water as a function of 7 
time when one surface of the specimen was exposed to water. The end-surfaces of the 8 
specimens were ground before the test. The specimens were then placed in an environmental 9 
chamber at a temperature of 50
o
C and relative humidity of 80% for 3 days, before being 10 
stored in a sealable plastic bag at 23±2
o
C for 15 days. Finally, the specimens were coated with 11 
epoxy on the side surfaces before the absorption test to ensure one-dimensional absorption. 12 
The top surface was covered to prevent evaporation during the test. The specimens’ increase 13 
in mass over time was monitored. After the test, the sorptivity  (kg/m
2
h
0.5
), according to 14 
Buyle-Bodin and Hadjieva-Zaharieva [11], was calculated as the slope of the regression curve 15 
of the quantity of water absorbed by a unit surface area versus the square root of the elapsed 16 
time from 1 to 24 h. 17 
Resistance to chloride ion penetration 18 
A rapid chloride penetrability test was carried out at 28 days, according to ASTM C 1202 19 
[12]. The total charge passed (C) after 6 hours was obtained from the integration of current 20 
over the time duration.  21 
 8 
The migration coefficient of chloride (Dm) was determined based on the chloride 1 
penetration depth according to the NT Build 492 [13] method, using three ø100×50 mm 2 
specimens. The concrete specimens were exposed to a 10% NaCl solution on one side, and a 3 
0.3 M NaOH solution on the other. The external potential of 30 V was applied across the 4 
specimen for 24 hours. The specimen was then split into halves across its circular cross 5 
section. The split open surfaces were sprayed with a controlled amount of 0.1N AgNO3 6 
solution [14] to determine the chloride penetration depth, which was then used to calculate the 7 
migration coefficient according to the standard.  8 
3. Results and discussion of significant parameters 9 
The experimental results of the concretes for model development, including unit weight, 28-10 
day compressive strength, porosities, water sorptivity, and resistance to chloride ion 11 
penetration are summarized in Table 3. Each result is the average from the three specimens. 12 
The oven dry unit weight of the concretes (determined at 28 days) ranged from 1360 kg/m
3
 of 13 
LWC to 2365 kg/m
3
 of NWC. The 28-day compressive strength of the concretes is strongly 14 
related to their oven dry unit weight (see Figure 1). 15 
As indicated by the results in Table 3, the w/c generally influences trends in durability 16 
performance, including sorptivity, total charge passed and migration coefficient. In the 17 
following sections, results for concrete’s water accessible porosity, total porosity, water 18 
sorptivity, and resistance to chloride ion penetration, and the correlations of these factors, are 19 
briefly discussed.  20 
 21 
 22 
 23 
 24 
 9 
Table 3 Summary of results 1 
Mix w/c 
28-day 
unit 
weight, 
kg/m
3
 
Oven dry unit 
weight, D, 
kg/m
3
 
fcu,28, 
MPa 
Water 
accessible 
porosity, 
P, % 
Estimated 
total 
porosity
#
, 
% 
Sorptivity, 
S, kg/m
2
h
0.5
 
Total charge 
passed, C, 
Coulombs 
Migration 
coefficient 
Dm,×10
-12
 m
2
/s 
N1 0.30 2346 2271 81 5.8 - 0.041 1159 5.2 
N2 0.38 2365 2267 71 10.0 8.8 0.048 2528 8.8 
N3 0.45 2338 2228 68 10.2 - 0.083 2890 14.5 
N4 0.54 2273 2188 49 16.1 12.7 0.098 6199 19.1 
S1 0.38 2016 1933 53 10.6 22.0 0.043 2977 8.2 
S2 0.39 2162 2189 57 9.8 15.8 0.026 3111 9.2 
S3 0.40 2276 2210 56 9.4 15.1 0.047 2987 10.1 
L1 0.30 1916 1847 54 9.6 - 0.053 1284 4.9 
L3 0.38 1759 1682 30 13.0 32.7 0.058 3676 10.4 
L4 0.45 1824 1686 49 14.9 - 0.155 3486 13.3 
L5 0.38 1877 1780 50 11.0 28.2 0.057 2385 6.5 
L6 0.38 1841 1762 47 10.9 29.8 0.045 2496 7.6 
L7 0.38 1708 1624 42 12.6 33.5 0.076 3278 8.8 
L8-25 0.38 1556 1402 38 21.5 ~42.2 0.071 2559 6.6 
L8-30 0.38 1572 1413 34 20.7 ~42.2 0.083 3620 8.9 
L9 0.38 1364 1225 24 17.1 49.0 0.037 1581 5.2 
# Calculated based on mixture proportion of concrete, total porosity of LWA, and porosity of cement paste determined by mercury intrusion 2 
porosimeter. 3 
 4 
 5 
 6 
Figure 1. Relationship between 28-day compressive strength and oven dry unit weight of 7 
concrete 8 
3.1 Water accessible porosity in comparison to total porosity of the concrete 9 
Although concrete with LWA particles had higher total porosity than NWC, many pores in 10 
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 10 
the LWA particles are closed; these, in principle, do not affect the transport of water and ions 1 
in concrete. A material can be porous but still have low permeability, as long as the pores are 2 
not interconnected. On the other hand, a material can have lower total porosity but higher 3 
permeability if the pores are interconnected and open to the surface [15]. Thus, the total 4 
porosity, including both connected and discrete pores, might not be a suitable parameter to 5 
correlate to the permeability and chloride-ion penetration in concrete. For concrete exposed to 6 
severe environments, water accessible porosity is a more realistic and more appropriate 7 
property than total porosity to correlate to transport properties such as water and chloride-ion 8 
penetration.  9 
As shown in Table 3, the water accessible porosities of the concrete with LWA 10 
particles were significantly lower than their total porosity, particularly for the LWC. For the 11 
NWC, however, the water accessible porosity was comparable to, or higher than the total 12 
porosity. This could be attributed to the higher porosity in the ITZ between aggregate and 13 
cement paste in the NWC (Figure 2), which was not considered in the estimation of the total 14 
porosity. 15 
In comparing the concrete with a given w/c of about 0.38, it seems that the water 16 
accessible porosity of the concretes with LWA particles (including NWC with LWA for 17 
internal curing, and LWC) increased with the increase in content and porosity of the LWA. 18 
However, the extent of the increase in the water accessible porosity was less significant 19 
compared with that of the total porosity. This confirmed that many pores in the concrete with 20 
LWA particles were discrete, and did not contribute to water penetration.  21 
 22 
 11 
 1 
Figure 2. SEM images on porous interface transition zone around a coarse aggregate (granite) 2 
in a typical NWC 3 
3.2 Effects of water-to-cement ratio 4 
Water to cement ratio (w/c) has been found to have a major influence on the kinetics 5 
of degradation of concrete, and low w/c has been an important consideration in increasing the 6 
durability of cement-based materials to chemical attack. This is because the w/c can influence 7 
durability by influencing the porosity and pore structures of the cement matrix. Hence, the 8 
w/c would have an influence on the water accessible porosity in some way. This was the case 9 
in this study where, with the increased w/c from 0.30 to 0.54, the water accessible porosity for 10 
the NWC was increased from 5.8% to 16.1% as expected. The same phenomenon of increased 11 
water accessible porosity was also observed for the LWC with the increase in the w/c 12 
(Mixtures L1, L3, and L4).  13 
When considering both normal and lightweight concretes, the w/c will not be directly 14 
related to the water accessible porosity of concrete. This is because both aggregates and 15 
ITZ 
ITZ 
Granite 
 12 
cement matrix contribute to the porosity of concrete as a whole. Therefore, the w/c and the 1 
water accessible porosity might not be correlated. However, it need to be mentioned here that, 2 
w/c is not always available for concrete structures especially for existing structures. The use 3 
of w/c as one of the predictors to evaluate the durability performance of concrete may be 4 
ignored. 5 
3.2 Influence of water accessible porosity on concrete’s resistance to water and 6 
chloride ion penetration  7 
Figures 3- 5 present the sorptivity, the total charge passed, and the migration coefficient of the 8 
concretes and the water accessible porosity, respectively. It seems that the concrete resistance 9 
to water and chloride ion penetration are correlated to their water accessible porosity. The 10 
sorptivity, total charge passed, and migration coefficient of the concrete increased with the 11 
increase in the water accessible porosity. However, the all-LWC (both coarse and fine 12 
aggregate are lightweight) had much higher water accessible porosity (corresponding to lower 13 
unit weight), even though their resistance to water and chloride-ion penetration can be 14 
comparable to other concretes. This indicates that the unit weight of the concrete could also 15 
be a factor that influences the concrete’s resistance to water and chloride-ion penetration.  16 
 17 
It should be noted that the results of the rapid chloride penetrability test are affected 18 
not only by the pore structure, but also by the pore solution chemistry. The presence of other 19 
ions, such as hydroxide and sodium ions, in the pore solutions also influences the charge 20 
passed. No mineral admixture was used in this study, however, as mineral admixtures could 21 
have a significant influence on the chemistry of pore solution. For relative comparison, water 22 
 13 
accessible porosity and unit weight could be considered as primary factors that influence the 1 
charge passed. A similar analogy can be made for the migration coefficient of the chloride. 2 
 3 
Figure 3. Influence of water accessible porosity on sorptivity (Sand LWC refers to concrete 4 
with coarse LWA and normal weight fine aggregate; All LWC refers to concrete with both 5 
coarse and fine LWA) 6 
 7 
 8 
Figure 4. Influence of water accessible porosity on total charges passed determined based on 9 
ASTM C 1202 test 10 
 11 
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 1 
Figure 5. Influence of water accessible porosity on migration coefficient of concrete 2 
4. Model development  3 
Variable selections 4 
Based on the observations of experimental results and those as discussed above, several 5 
variables were selected as candidate variables in the durability model. These included the w/c 6 
ratio, water accessible porosity, and the oven dry unit weight. As discussed earlier, the w/c 7 
ratio could be another important parameter that could directly impact durability performance, 8 
and therefore needs to be considered as a factor in predicting the durability performance of 9 
concretes. However, such information could be ambiguous or even unavailabe when related to 10 
most of the existing or old concrete structures which, in most cases, are required to be 11 
evaluated in terms of durability performance.  12 
The determination of the w/c or concrete is neither convenient nor accurate. In this 13 
case, the determination of strength by a standard procedure will provide a valuable indication 14 
of the w/c. Therefore, in addition to the water accessible porosity, the compressive strength of 15 
the concrete would be another meaningful predictor of the durability performance of concrete. 16 
Herein, the variables would include compressive strength in addition to the water accessible 17 
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 15 
porosity and oven-dry unit weight. 1 
Regression analysis  2 
Minitab 16
†
  was used for statistical analyses.  During the model’s development, 3 
various combinations of the independent variables were screened for the most relevant 4 
parameters by fitting them to the experimental data, and then ranking them according to the 5 
coefficient of determination R
2
. The best subset regression method was used to identify the 6 
subset models that produced the highest R
2
 values from the full set of predictor variables. All 7 
possible subsets of the predictors were examined, beginning with all models containing one 8 
predictor, followed by all models containing two predictors, and so on. The main criterion for 9 
the selection of significant predictors is based on the adjusted R
2
, which is defined as  10 
  ?̅?2 = 1 −
𝑛−1
𝑛−𝑣
(1 − 𝑅2) (2) 11 
where 12 
n   = the number of observations, 13 
v   = the number of independent variables, and  14 
R
2
 = the coefficient of determination; that is, the regression sum of squares divided by the 15 
total sum of squares.  16 
The selection criterion was used to determine the model that approximately maximizes 17 
the adjusted R
2
 among possible subset models that were based on an identified set of 18 
predictors. However, in some cases, the model with all the variables has the highest adjusted 19 
R
2
. In such a case, Mallows’ Cp value and standard error of the regression (S) value are used 20 
as additional criteria to determine a more fitful model.  Mallows' Cp compares the precision 21 
                                                 
†
 Minitab Inc., United States 
 16 
and bias of the full model to models with the best subsets of predictors. It helps strike an 1 
important balance in the number of predictors in the model. A model with too many 2 
predictors can be relatively imprecise, while one with too few can produce biased estimates. 3 
A Mallows' Cp value that is close to the number of predictors, plus the constant, indicates that 4 
the model is relatively precise and unbiased in estimating the true regression coefficients and 5 
in predicting future responses.  6 
The S value is usually used as a measure of model fit in regression and ANOVA. S is 7 
measured in the units of the response variable, and represents the standard distance that data 8 
values fall from the regression line, or the standard deviation of the residuals. For a given 9 
study, the more accurately the equation predicts the response, the lower the value of S. 10 
Therefore, with the highest adjusted R
2
, a proper Cp, and/or the lowest S values, the best-fit 11 
model was selected for estimating S, C, and Dm. Multiple linear regression analyses were then 12 
carried out to determine the co-relations between S, C and Dm and the selected subset of 13 
predictors. 14 
4.1 Models to predict the resistance to chloride ion penetration 15 
Based on the statistical analyses, models were developed to estimate the total charge passed 16 
(C) and the rapid migration coefficient (Dm). The models used to predict C and Dm are shown 17 
in Equations (3) and (4), respectively.    18 
C = 1252-38f + 8.44 ×10
4
  Pw -9.66×10
7
 Pw/D      (3) 19 
Dm = -25.1+242 Pw +7.07 ×10
-3
  D - 8.71 ×10
5
 Pw
2
/D  (4) 20 
 17 
Where C (Coulombs) is the estimated chloride ion resistance parameter – the total charge 1 
passed; Dm (×10
-12 
m
2
/s) is the estimated migration coefficient; D (kg/m
3
) is the oven dry unit 2 
weight of concrete; Pw is the water accessible porosity (in volume) of concrete; and f (MPa) is 3 
the compressive strength at the time of testing.
 
4 
Table 4 C and Dm calculated from Eqs. (3) and (4) 5 
ix w/c 
fcu, 
MPa  
P,  
% 
D,  
kg/m
3
 
Cexp,  
Coulombs 
Eq. (3) 
C, 
Coulombs 
Cmodel/ 
Cexp 
Dm,exp, 
×10
-12
 m
2
/s 
Eq.(4), Dm 
×10
-12
 m
2
/s 
Dm,model/ 
Dm,exp 
V1 0.49 47 11.7 2168 4582 4337 0.90 19.8 13.0 0.66 
V2 0.39 63 8.5 2287 2012 2442 1.21 9.7 8.9 0.92 
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Figure 6. Normal plot of residuals for (a) C, and (b) Dm 11 
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The parameters for the models are summarized in Table 4, together with 1 
corresponding regression coefficients, R
2
 and the adjusted R
2
.  The regression coefficients R
2
 2 
(adjusted R
2
) for the total charge passed (C), and the migration coefficient (Dm) were 88.5% 3 
(85.6%) and 83.2% (79.0%), respectively. The data include the oven dry unit weight ranging 4 
from 1360 to 2370 kg/m
3
, and the water accessible porosity ranging from 5.8 to 21.5%. A plot 5 
of the normal distribution of residuals for both regression models is presented in Figure 6 as 6 
an example of the residual model diagnosis. It can be seen in the normal plot of residuals that 7 
the difference between the modelled and fit degree of hydration values appears to be random 8 
and unbiased in nature. 9 
With all available experimental results, the empirical relationships established provide 10 
indications of the transport properties of the concretes – both normal weight and lightweight – 11 
based on their unit weight and water accessible porosity. This will enable the estimation of 12 
concrete resistance to the penetration of water and harmful substances. Although the LWC 13 
varies from NWC in a number of aspects that might influence the penetration of chloride ions 14 
in the concrete – for example, porosity, interfacial transition zone, internal curing effect, and 15 
micro-cracking – the oven dry unit weight and water accessible porosity are parameters that 16 
can reflect the such aspects.  17 
The empirical model for water sorptivity by using water accessible porosity and oven 18 
dry unit weight was attempted and obtained.  However, the R
2
 of the regression equations was 19 
obtained at about 41%, and thus not adequate for estimating the sorptivity of the concrete and 20 
hence not presented here.  Different from the chloride ion penetration, the dependence of 21 
water sorptivity on water accessible porosity and oven dry unit weight was not that strong.  22 
The sorptivity expresses the tendency of a material to absorb and transport water and other 23 
 19 
liquids by capillarity [16]; however, the water accessible porosity includes capillary pores and 1 
air voids. According to the ASTM C 1585 test, the sorptivity is affected by the characteristics 2 
of the concrete near the surface, whereas the oven dry unit weight and water accessible 3 
porosity are properties obtained from the bulk of the concrete. Such information suggests that 4 
future improvements to the model should be based on the difference between the capillary 5 
pore and large pores (including air voids and cavities), not the bulk property indicator. It is 6 
also expected that, better pore size and pore structure characterization techniques are needed 7 
and would improve the model’s predictive ability for sorptivity. 8 
4.2 Model Validation 9 
The regression models [Equations (3) and (4)] were proposed based on the mechanism of the 10 
chloride migration from the physics point of view, and on significance testing from the 11 
statistic point of view. The variables used for prediction in the model include the compressive 12 
strength, water accessible porosity, and oven dry unit weight, and these are all readily 13 
accessible for concrete in either new or existing structures. The C and Dm values calculated 14 
from Equations. (3) and (4) for a separate set of mixtures are used for the model validation. 15 
The mixtures and the experimental results are shown in Table 4. The comparison between the 16 
prediction and the experimental results are also presented in Table 4. The difference varies 17 
from about 30% to less than 10%. In fact, the models provide agreeable results in comparison 18 
to the experimental results. As for the total charge passed, both provide the same “Moderate” 19 
chloride ion penetrability rating as classified in ASTM C 1202. For the chloride migration 20 
coefficient, both results are in the same order of magnitude. Overall, both water accessible 21 
porosity and dry unit weight could provide reliable prediction for the durability performance 22 
of concrete in respect to the resistance to chloride ion penetration. 23 
 20 
5. Conclusions 1 
This study has developed respective model for the total charge passed and the migration 2 
coefficient that accounts for the durability performance of concrete. The water accessible 3 
porosity and oven dry unit weight are important parameters that are correlated to the total 4 
charge passed and the chloride migration coefficient of the concrete.  5 
The results of the model are presented in Equations (3) and (4), which are the models that best 6 
fits the total charge passed and the migration coefficient while using the variables that meet 7 
the requirements for statistical significance. The model from regression analyses (as opposed 8 
to purely theoretical models) are inherently limited by the range of variables and the need to 9 
ensure that the results of the model confirms the experimental results with respect to the total 10 
charge passed and the migration coefficient; however, the results should be broadly applicable. 11 
Both models use the readily available physical properties of water accessible porosity and 12 
oven dry unit weight as variables. Equation (3) also adopts compressive strength as a 13 
significant variable, as it usually gives an overall picture of the quality of the concrete and is 14 
directly related to the structure of the hydrated cement paste.  All variables can be easily 15 
determined for both new and existing concrete structures.  16 
Finally, the models are limited to the normal vibrated concrete with type I cement without 17 
using any supplementary cementitious materials (SCM). More in-depth studies accounting for 18 
the SCM type, replacement percentage that influence on the resistance to chloride ion 19 
penetration could benefit future models developed.  The correlation between the water 20 
sorptivity and water accessible porosity and oven dry unit weight was found to be very slight, 21 
and future research will focus on developing suitable model to estimate sorptivity. 22 
 21 
Nevertheless, to the best knowledge of authors, the models presented in this paper take into 1 
account more reasonable and practically available variables than any other models and 2 
provide a very good estimate on the chloride ion resistance, as shown by the good prediction 3 
of C and Dm for the model validation. Moreover, the models can be used for structural 4 
lightweight concretes. Different grades of expanded clay aggregates have been used to derive 5 
the model for structural concretes. However, the model may not be limited to those 6 
lightweight concretes only using expanded clay aggregates. 7 
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